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Abstract
Half-metallic ferromagnetic full-Heusler alloys containing Co and Mn, having the formula Co2MnZ where Z a sp element, are
among the most studied Heusler alloys due to their stable ferromagnetism and the high Curie temperatures which they present.
Using state-of-the-art electronic structure calculations we show that when Mn atoms migrate to sites occupied in the perfect
alloys by Co, these Mn atoms have spin moments antiparallel to the other transition metal atoms. The ferrimagnetic compounds,
which result from this procedure, keep the half-metallic character of the parent compounds and the large exchange-splitting of
the Mn impurities atoms only marginally affects the width of the gap in the minority-spin band. The case of [Co1−xMnx]2MnSi
is of particular interest since Mn3Si is known to crystallize in the Heusler L21 lattice structure of Co2MnZ compounds. Robust
half-metallic ferrimagnets are highly desirable for realistic applications since they lead to smaller energy losses due to the lower
external magnetic fields created with respect to their ferromagnetic counterparts.
Key words: A.magnetically ordered materials
PACS: 75.47.Np, 75.50.Cc, 75.30.Et
1. Introduction
The emergence of spintronics, also known as magneto-
electronics, the last decade brought in the center of scien-
tific research new properties and materials which had re-
ceived little attention in the past [1]. An important class of
materials which are at the present under intense study are
the so-called half-metals [2]. These materials are hybrids
between metals and semiconductors or insulators, present-
ing metallic behavior for one spin-band and semiconduct-
ing for the other, and thus overall they are either ferro-
or ferrimagnets with perfect spin-polarization at the Fermi
level [3]. de Groot and his collaborators in a pioneering
paper published in 1983 predicted the existence of half-
metallicity in the case of the intermetallic Heusler alloy
NiMnSb [4]. Since then several half-metallic ferromagnetic
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materials have been initially predicted by theoretical ab-
initio calculations and after synthesized experimentally.
Half-metallic Heusler alloys are expected to play a key
role in realistic applications due to their very high Curie
temperatures and their structural similarity to the widely
used binary semiconductors crystallizing in the zinc-blende
structure [5]. Initially the research was focused on the so-
called half- or semi-Heusler compounds like NiMnSb [3,6]
but lately the interest has been shifted to the so called
full-Heusler compounds and mainly to the ones containing
Co, like Co2MnAl or Co2MnGe, which were already known
since early 70’s [7]. In early 90’s it was argued in two pa-
pers by a japanese group that they should be half-metallic
ferromagnets [8] and first-principles calculations by Picozzi
et al [9] and Galanakis et al [10] in 2002 confirmed their
predictions. These papers acted as an inspiration to ex-
perimentalists who devote a constantly increasing number
of publications to the study of their properties (see Refs.
[2,3,11,12,13,14,15,16,17,18,19,20] for references to some of
these studies). Both the origin of ferromagnetism [21] and
half-metallicity [10] in these compounds are well under-
stood.
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Although the research on half-metallic ferromagnets is
intense, the ideal case would be a half-metallic antiferro-
magnet, also known as fully-compensated ferrimagnet [22],
since such a compound would not give rise to stray flux and
thus would lead to smaller energy consumption in devices.
In the absence of such an ideal compound, half-metallic
ferrimagnetism is highly desirable since such compounds
would yield lower total spin moments than their ferromag-
netic counterparts. Some perfect Heusler compounds like
FeMnSb [23] and Mn2VAl [24] are predicted to present
half-metallicity in conjunction with ferrimagnetism. Re-
cently other routes to half-metallic ferrimagnetism have
been studied like the doping of diluted magnetic semicon-
ductors [25], and the inclusion of defects in Cr pnictides
[26] and Co2CrAl(or Si) full-Heusler alloys [27].
In this communication we will study the appearance of
defects-driven ferrimagnetism in the popular Co2MnZ com-
pounds where Z stands for Al, Ga, Si, Ge or Sn. Most of the
theoretical studies on these compounds either are devoted
to the perfect compounds [10,28,29] or concern disorder be-
tween the Mn and the sp atoms or doping of the Mn sites
(see Refs. [30,31,32] and references therein).When a surplus
of Mn atoms is created occupying the sites corresponding
to Co atoms at the perfect compounds, [Co1−xMnx]2MnZ
alloys, these Mn impurity atoms are shown to be antifer-
romagnetically coupled to the other Co and Mn atoms at
the perfect lattice sites. The resulting ferrimagnetic com-
pounds keep the half-metallic character of the perfect par-
ent alloys. Interestingly due to the very high exchange split-
ting presented by the Mn impurity atoms, the width of the
gap is only marginally affected contrary to the Co2CrAl
and Co2CrSi where the creation of Cr antisites almost van-
ished the gap [27]. Thus the defects-driven half-metallic
ferrimagnetism presented in this communication is of par-
ticular interest for realistic applications. Special attention
should be given to [Co1−xMnx]2MnSi alloys since Mn3Si
is known experimentally to crystallize in the Heusler L21
lattice structure of Co2MnZ compounds with two equiva-
lent type of Mn atoms in the unit cell [33]. On the contrary
Mn3Ge and Mn3Sn compounds crystallize in an hexago-
nal structure [34] while no information is available on the
Mn3Al or Mn3Ga compounds. We should also note here
that Picozzi and collaborators studied in Ref. [35] the case
of a singleMn antisite using a supercell structure in the case
of Co2MnSi and Co2MnGe compounds. They had actually
found that the Mn impurity atoms has a spin moment an-
tiparallel to the other transition metal atoms but they had
not considered the case of extensive defects or studied in
detail the observed behavior in their calculations.
We employed the full–potential nonorthogonal local–
orbital minimum–basis band structure scheme (FPLO)
to perform the electronic structure calculations and the
coherent potential approximation (CPA) to simulate the
creation of the Mn antisites [36]. We used the scalar rela-
tivistic formulation and thus the spin-orbit coupling was
not taken into account. The exchange–correlation poten-
tial was chosen in the local spin density approximation
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Fig. 1. Total density of states (DOS) for the [Co1−xMnx]2MnZ
alloys as a function of the concentration x : we denote x = 0 with
the solid grey line with shaded region, x = 0.1 with a solid thick blue
line and x = 0.2 with a dashed red line. The Fermi level has been
chosen as the zero of the energy axis, and positive values of DOS
correspond to the spin-up (majority) electrons while negative values
correspond to the spin-down (minority) electrons. In the insets we
have blown up the region around the Fermi level.
(LSDA). The self-consistent potentials were calculated on
a 20 × 20 × 20 k-mesh in the Brillouin zone, which corre-
sponds to 256 k points in the irreducible Brillouin zone.
The lattice constants were the experimental ones, 0.5756
nm for Co2MnAl, 0.577 nm for Co2MnGa, 0.565 nm for
Co2MnSi, 0.574 for Co2MnGe and 0.598 nm for Co2MnSn
[5], and were kept constant upon the creation of defects.
2. Results and discussion
Wehave performed calculations for the [Co1−xMnx]2MnZ
compounds varying the sp atom, Z, which is one of Al,
Ga, Si, Ge or Sn. We have taken into account five different
values for the concentration x; x= 0, 0.025, 0.05, 0.1, 0.2.
In Fig. 1 we have drawn the total density of states (DOS)
for all five families of compounds under study and for
three different values of the concentration x : the perfect
compounds (x=0) and for two cases with defects, x= 0.1
and 0.2. In the case of the perfect Co2MnSi and Co2MnGe
compounds there is a real gap in the minority spin band
and the Fermi level falls within this gap and these com-
pounds are perfect half-metals. The other three perfect
compounds -Co2MnAl, Co2MnGa and Co2MnSn- present
in reality a region of tiny minority-spin DOS instead of a
real gap, but the spin-polarization at the Fermi level only
marginally deviates from the ideal 100% and these com-
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Fig. 2. Atom-resolved DOS as a function of the concentration x for
the [Co1−xMnx]2MnAl (upper panel) and [Co1−xMnx]2MnSi (lower
panel) compounds as a function of the concentration x. We have
used the same notation as in Fig. 1. Note that the atomic DOS’s
have been scaled to one atom. The DOS for Al and Si has been
multiplied by a factor of four. Details are similar to Fig. 1.
pounds can be also considered as half-metals. These results
agree with previous electronic structure calculations on
these compounds [9,10,29,30,31] and are confirmed by the
calculated total spin moments as discussed latter in the
text. When we create a surplus of Mn atoms which migrate
at sites occupied by Co atoms in the perfect alloys, the
gap persists and all compounds retain their half-metallic
character. This is clearly seen in the insets where we have
blown the region around the Fermi level. The most inter-
esting case is the two compounds which presented a real
gap, Co2MnGe and mainly Co2MnSi. The creation of Mn
antisites, especially in the Si-case, does not alter the width
of the gap and half-metallicity is extremely robust in these
alloys with respect to the creation of Mn antisites. We
will explain this behavior latter in the text, when we will
discuss the atom-resolved DOS.
In Fig. 2 we have drawn the atom resolved DOS for the
Al- and Si-based compounds presented in Fig. 1. In the per-
fect compounds, x=0, the Co and Mn atoms form a com-
mon majority-spin band while the minority occupied states
aremainly of Co character.Around theminority-spin band-
gap the states are mainly of Co character confirming the re-
sults in Ref. [10]. The large exchange splitting between the
occupied majority-spin states of Mn atoms and its unoccu-
pied minority states favors the creation of the gap and the
appearance of half-metallicity being also responsible for the
large spin moments at the Mn sites (see next paragraph).
The DOS of the sp atoms is very small with respect to the
transition metal atoms and thus we have multiplied it by
four to make it visible. Al or Si states around the Fermi
level are of p character and they play a central role in the
exact position of the Fermi level within the gap (see Ref.
[3] for an extended discussion of the role of the sp atoms).
When we substitute Si for Al, we increase the total number
of valence electrons in the unit cell by one and this extra
electron does not occupy states of the sp atom, which are
deep in energy, but rather states of the transition metal
atoms [10] provoking small changes in the DOS of the Co
and Mn atoms. When we create Mn antisites, the DOS of
both Co and Mn atoms at the perfect sites does not sig-
nificantly change as can be easily observed in Fig. 2 and
thus they only marginally affect the half-metallicity. The
interesting phenomenon is the behavior of the Mn impuri-
ties atoms sitting at the antisites. Now the major weight
of the occupied states corresponds to spin-down states and
we expect their spin moments to be antiparallel to the ones
of the Co and Mn atoms at the perfect sites. Moreover the
large exchange splitting of the Mn atoms ensures a large
gap in the spin-down band and the robust character of the
half-metallicity. The shape of the DOS of the Mn impurity
atoms at the antisites is similar to the one of the Cr impu-
rity atoms in Co2CrAl and Co2CrSi [27]. The main advan-
tage of the Mn-based compounds is that when Cr substi-
tutes Mn, the smaller exchange splitting of the Cr atoms
leads to huge narrowing of the band-gap which shrinks to
an almost zero value [27]. Thus the Mn compounds have a
clear advantage for realistic applications.
Our discussion has been focused mainly to the half-
metallic character of the compounds with the Mn defects.
We will now concentrate on the spin moments of the
compounds under study to discuss the appearance of the
ferrimagnetism in the defected compounds. In Table 1 we
have gathered the atom-resolved and total spin moments
for the [Co1−xMnx]2MnZ alloy where Z is Al or its iso-
electronic Ga and for all values of the concentrations x
which we have studied, and in Table 2 we present the same
information for the Z= Si, Ge or Sn alloys. We will start
our discussion from the calculated total spin moments
and how they compare with the ideal values for perfect
half-metallicity (values in parenthesis in the tables). These
ideal values stem from the Slater-Pauling behavior shown
for the full-Heusler alloys [10] which states that the total
spin moment in the unit cell in µB is the total number
of valence electrons in the unit cell, zt, minus ”24” since
there are exactly 12 occupied minority-spin states for all
half-metallic full-Heuslers. For the perfect compounds this
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Table 1
Atom-resolved spin magnetic moments (in µB) for the
[Co1−xMnx]2MnZ compounds (moments have been scaled to one
atom), where Z is Al or Ga. The last column is the total spin mo-
ment (Total) in the unit cell calculated as 2 × [(1 − x) ∗mCo + x ∗
m
Mn(imp) ]+mMn+mZ and in parenthesis the ideal total spin mo-
ment predicted by the Slater-Pauling rule for half-metals (see Ref.
[10]). With Mn(imp) we denote the Mn atoms sitting at perfect Co
sites.
[Co1−xMnx]2MnAl
x Co Mn(imp) Mn Al Total(Ideal)
0 0.68 – 2.82 -0.14 4.04(4.0)
0.025 0.71 -2.63 2.82 -0.14 3.92(3.9)
0.05 0.73 -2.59 2.82 -0.13 3.81(3.8)
0.1 0.78 -2.49 2.83 -0.12 3.61(3.6)
0.2 0.84 -2.23 2.85 -0.09 3.20(3.2)
[Co1−xMnx]2MnGa
x Co Mn(imp) Mn Ga Total(Ideal)
0 0.65 – 2.90 -0.10 4.09(4.0)
0.025 0.68 -2.76 2.90 -0.10 4.00(3.9)
0.05 0.71 -2.73 2.91 -0.09 3.89(3.8)
0.1 0.75 -2.66 2.92 -0.08 3.66(3.6)
0.2 0.82 -2.42 2.94 -0.05 3.23(3.2)
means a total spin moment of 4 µB for Co2MnAl and
Co2MnGa since they have 28 valence electrons in the unit
cell and a spin moment of 5 µB for the Co2MnSi, Co2MnGe
and Co2MnSn compounds which have one electron more.
The calculated total spin moments are exactly 5 µB for the
perfect Co2MnSi and Co2MnGe alloys and only slightly de-
viate from the ideal values for the other three compounds
confirming the discussion on the total DOS. When we in-
duce the Mn impurities at the antisites, we have to take
the average value of the valence electrons calculated as
2× [(1−x)∗zCo+x∗zMn(imp)]+zMn+zsp atom where z is
the number of valence electrons of the corresponding chem-
ical element. Mn is lighter than Co and thus as we increase
the concentration in Mn defects, the total spin moment
should decrease. In the case of the [Co1−xMnx]2Mn-Si
and -Ge compounds the ideal half-metallicity is preserved
irrespectively of the concentration of the Mn impurities.
The Al and Sn compounds are almost half-metallic while
slightly larger deviations are observed for the Ga com-
pound. Overall we could safely state that half-metallicity
is preserved upon the creation of Mn antisites.
The spin moment of Mn atoms at the perfect sites
remains practically constant for all five families of com-
pounds under study, when the concentration in Mn defects
is increased, since their environment does not signifi-
cantly change; each Mn atom has eight Co atoms as first
neighbors in the perfect alloy and for the values of the
concentration under study here their environment remains
of mainly Co character. Co atoms in the case of Si, Ge
and Sn compounds retain a practically constant moment
while in Al and Ga compounds it slightly increases. This
Table 2
Similar to Table 1 for the [Co1−xMnx]2MnZ compounds with Z=
Si, Ge or Sn.
[Co1−xMnx]2MnSi
x Co Mn(imp) Mn Si Total(Ideal)
0.0 0.98 – 3.13 -0.09 5.00(5.0)
0.025 0.99 -1.01 3.11 -0.09 4.90(4.9)
0.05 0.99 -0.95 3.09 -0.08 4.80(4.8)
0.1 0.99 -0.84 3.06 -0.07 4.60(4.6)
0.2 0.97 -0.70 2.99 -0.05 4.20(4.2)
[Co1−xMnx]2MnGe
x Co Mn(imp) Mn Ge Total(Ideal)
0 0.93 – 3.20 -0.06 5.00(5.0)
0.025 0.94 -1.72 3.21 -0.06 4.90(4.9)
0.05 0.95 -1.63 3.20 -0.05 4.80(4.8)
0.1 0.97 -1.45 3.19 -0.04 4.60(4.6)
0.2 0.96 -1.18 3.15 -0.02 4.20(4.2)
[Co1−xMnx]2MnSn
x Co Mn(imp) Mn Sn Total(Ideal)
0 0.89 – 3.32 -0.08 5.02(5.0)
0.025 0.91 -2.44 3.34 -0.07 4.91(4.9)
0.05 0.93 -2.34 3.35 -0.06 4.81(4.8)
0.1 0.96 -2.14 3.35 -0.05 4.60(4.6)
0.2 0.98 -1.73 3.35 -0.03 4.20(4.2)
implies that in the case of Si, Ge and Sn-based compounds
Co atoms show a more atomic like behavior and they are
not strongly affected by their environment and thus their
spin moment is around 1 µB. In the case of Al and Ga
compounds Co atoms are more affected by their environ-
ment and for this reason their spin moment in the perfect
compounds is smaller. As we increase the concentration of
Mn defects in these two alloys, also the spin moment of
the Co atoms increases reaching a value of ∼ 0.8 µB. Since
the spin moments of both Co and Mn atoms at the per-
fect sites do not present drastic changes, the only way to
achieve the half-metallicity for the compounds (and thus
to decrease their total spin moment) is that the Mn impu-
rity atoms at the antisites have spin moments antiparallel
to the other transition metal atoms. This is actually the
case as can be seen in Tables 1 and 2. Mn impurity atoms
have an important negative spin moment especially in the
case of the Al and Ga compounds where it attends -∼
2.6-2.8 µB . It slightly drops as we increase the concentra-
tion in Mn defects but this is expected since we increase
also the hybridization between Mn impurity atoms; Mn
atoms contrary to Co atoms have more expanded d-like
wavefunctions and hybridize stronger between them.
Of particular interest is the case of Si , Ge and Sn -
compounds, where the spin moment of the Mn impurity
atoms shows large variations between the three families of
alloys. As we pass from Si to Ge and then to Sn-based al-
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loy, its spin moment for x=0.025 increases by -0.72 µB. Al-
though the spin moment of the Mn impurity atom changes
significantly, its contribution to the total spin moment is
small. A large increase of the absolute value of the spin
moment of the Mn impurities, as the one observed here,
means a small increase of its negative contribution to the
total spin moment which has to balance the larger positive
contribution of the spin moment of the Mn atoms at the
perfect sites observed for the compound with the heavier
sp element. For the Ge- and Sn-compounds the DOS has a
similar shape to the one for the Si-based alloys (and thus
they are not shown here), but the Fermi level is lower in
energy with respect the Si-based compound. Since the ma-
jority DOS takes large values at the region of the minority
gap, this small shift of the Fermi level provokes a consid-
erable increase of the negative spin moment of the Mn im-
purity atoms. Thus the Mn-doped alloys are half-metallic
ferrimagnets and their total spin moment is considerable
smaller than the perfect half-metallic ferromagnetic par-
ent compounds. A similar phenomenon has been also pre-
dicted when creating Cr antisites in the zinc-blende CrAs
intermetallic alloy [26] where Cr impurities spin moments
couple antiferromagnetically to the Cr atoms at the ideal
sites in the zinc-blende structure. Similarly Cr antisites in
Co2CrAl and Co2CrSi compounds lead to a similar phe-
nomenon [27]. The importance of the present results stem
from the more intense research on the compounds contain-
ing Co and Mn and from their more robust half-metallic
character, since in the case of Cr compounds the gap almost
vanishes upon the creation of Cr defects. Here we have to
mention that if also Co atoms migrate to Mn sites (case
of atomic swaps) the half-metallity is lost, as it was shown
by Picozzi et al. [35], due to the energy position of the Co
states which have migrated at Co sites.
3. Summary and conclusions
We have studied the effect of defects-driven appearance
of half-metallic ferrimagnetism in the case of the Co2MnZ
Heusler alloys, where Z stands for Al, Ga, Si, Ge or Sn.
More precisely, based on first-principles calculations we
have shown that when we create Mn antisites at the Co
sites, these impurity Mn atoms couple antiferromagneti-
cally with the Co and the Mn atoms at the perfect sites
while keeping the half-metallic character of the parent com-
pounds. Half-metallicity in these compounds is a robust
property since the large exchange splitting of the Mn impu-
rity atoms ensures that the width of the gap in the minority
spin band only marginally is affected. Thus we have shown
an alternative way to create robust half-metallic ferrimag-
nets, which are crucial for magnetoelectronic applications,
based in the introduction of defects in half-metallic ferro-
magnetic Heusler alloys which are widely studied. Espe-
cially the case of [Co1−xMnx]2MnSi alloys is of particular
interest since Mn3Si is known to crystallize in the Heusler
L21 lattice structure of Co2MnSi. We expect these results
to stimulate further interest in the theoretical and experi-
mental research in the field of spintronics.
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